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Available online 6 June 2019The shape of an inflorescence varies among cereals, ranging from a highly branched panicle
in rice to a much more compact spike in barley (Hordeum vulgare L.) and wheat (Triticum
aestivum L.). However, little is known about the molecular basis of cereal inflorescence
architecture. We profiled transcriptomes at three developmental stages of the barley main
shoot apex — spikelet initiation, floral organ differentiation, and floral organ growth — and
compared them with those from vegetative seedling tissue. Transcript analyses identified
3688 genes differentially transcribed between the three meristem stages, with a further
1394 genes preferentially expressed in reproductive compared with vegetative tissue. Co-
expression assembly and Gene Ontology analysis classified these 4888 genes into 28
clusters, revealing distinct patterns for genes such as transcription factors, histone
modification, and cell-cycle progression specific for each stage of inflorescence develop-
ment. We also compared expression patterns of VRS (SIX-ROWED SPIKE) genes and auxin-,
gibberellic acid- and cytokinin-associated genes between two-rowed and six-rowed barley
to describe regulators of lateral spikelet fertility. Our findings reveal barley inflorescence
phase-specific gene expression, identify new candidate genes that regulate barley
meristem activities and flower development, and provide a new genetic resource for
further dissection of the molecular mechanisms of spike development.
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display highly diverse inflorescence architecture in the
arrangement of their spikelets and flowers, so that the
molecular mechanisms that regulate inflorescence architec-
ture and thereby grain yield are an important research focus
[1,2].
In the grass main shoot apex (MSA), the organization of
spikelet subunits within the inflorescence is determined by a
complex hierarchy of specialized meristems [1]. The basal
unit of a grass inflorescence is a spikelet, which is a short and
condensed branch containing leaflike structures that enclose
one or more florets (flowers). Inflorescences of the tribe
Triticeae, including barley and wheat, exhibit a raceme-like
branchless architecture (spike) with a shortened stem axis
called the rachis. Barley develops three single spikelets at
each rachis node and each spikelet bears only one floret. In
two-rowed barley varieties, only the central spikelet in each
triplet is fertile and can produce a seed, while the lateral
spikelets are much reduced in size. In six-rowed barley
varieties, both central and lateral spikelets can form seeds.
Previous genetic studies have identified five independent SIX-
ROWED SPIKE (VRS) genes associated with complete or partial
changes in the fertility of the lateral spikelets of barley. VRS1
and VRS4 encode a homeodomain-leucine zipper (HD-Zip)
class-I homeobox transcription factor and a lateral organ
boundary (LOB) transcription factor, respectively. Loss-of-
function mutations in both VRS1 and VRS4 lead to a full six-
rowed phenotype, indicating that VRS1 and VRS4 act as key
inhibitors of lateral spikelet fertility and development [3,4].
Increasing evidence has revealed that numerous other
elements play key roles in determining inflorescence fate and
patterning in plants. The CLAVATA-WUSCHEL (CLV–WUS)
circuit is a negative-feedback loop that consists of the stem
cell-promoting transcription factor WUS, the differentiation-
driven peptide CLV3, and the ligand-receptor kinase of CLV1;
mutations in CLV genes frequently lead to enlarged shoot
apical meristems and additional organs in flowers [1,5]. A
homeobox transcription factor, KNOTTED 1 (KN1), positively
regulates shoot apical meristem establishment and inflores-
cence meristem maintenance in rice, maize, and Arabidopsis
[1,6]. The plant hormones auxin, gibberellic acid (GA) and
cytokinin (CK) play essential roles in MSA activity and
inflorescence patterning by regulating cell proliferation and
differentiation; disruptions of hormone homeostasis modu-
late inflorescence development and affect yield potential in
crops [1,7]. For example, accumulation of cytokinin in IMs by
perturbations in its degradative pathway leads to increased
branch and spikelet numbers and grain yield [8].
MADS-box family transcription factors, which comprise
the vast bulk of the ABCDE model of floral organ formation,
work in combination with each other to regulate plant
inflorescence, flower morphology and meristem activities.
Key MADS-box genes include the SEPALLATA (SEP) clade and
MADS-domain homeotic proteins APETALA1 (AP1), APETALA3
(AP3), PISTILLATA (PI), and AGAMOUS (AG) [1,9,10]. Overex-
pression of barley APETALA1 (AP1)-like VRN1 (VERNALIZA-
TION1) (HvMADS14) and ectopic expression of SHORT
VEGETATIVE PHASE (SVP)-like BM1 (HvMADS47) and BM10
(HvMADS22) cause abnormal MSA activity and defects in
spike pattern formation [11,12]. Expression of APELATA2(AP2)-like transcription factor is regulated by microRNA172
to determine the density of grains on the barley spike [13].
These previous results indicate essential roles for a large
number of genes that regulate barley inflorescence develop-
ment and morphogenesis. Agriculturally, barley grain yield is
determined by three main components: number of spikes per
square meter, kernel number per spike, and individual kernel
weight. Kernel number per spike is determined early in
reproductive development, so that the establishment phase
is crucial for yield potential [14]. During establishment, MSA
initiation (double ridge (DR) stage, Waddington stage 2.0) and
floral differentiation (awn primordia (AP) stage, W3.5) are two
key points that determine final grain setting [15]. The late
reproductive phase, especially the green anther (GrA) stage
(W8–W8.5), is also critical for grain yield, as this phase is vital
for spikelet survival [15].
Recently, several studies have investigated gene expres-
sion in selected developmental stages of inflorescence devel-
opment. The International Barley Genome Sequencing
Consortium (IBGSC, 2012) [16] reported the expression profiles
of 26,159 high-confidence (HC) genes in inflorescence late
developmental stages (W6–W7 andwhite anther stages) of the
six-rowed barley cultivar Morex. Mascher et al. [17] updated
the high-quality reference genome of Morex with 39,734 high-
confidence annotated genes and showed that a large number
of genes are undetected in the previous study. Digel et al. [18]
described photoperiod- and PHOTOPERIOD1 (Ppd-H1)-
dependent gene expression in inflorescence development
and flower fertility of two-rowed barley. However, patterns
of gene expression in earlier developmental stages critical for
inflorescence patterning, and their co-expression in networks,
remain largely unknown.
We performed high-throughput RNA-seq on six-rowed
barley MSAs from spikelet initiation (DR stage) to flower
organ differentiation (AP stage) and growth (GrA stage), and in
the leaves of two-week-old seedlings (vegetative control), to
investigate transcriptional progression and possible regula-
tory networks during inflorescence development. We recon-
structed the expression network of stage-specific transcripts
in barley MSAs and identified the involvement of pivotal
genetic regulators, plant hormones, and cell-cycle genes in
barley inflorescence development.2. Materials and methods
2.1. Plant growth and tissue collection
Two spring barley cultivars, Morex and Scarlett, were grown in
the greenhouse under 22 °C/17 °C day/night, 16 h/8 h light/
dark, and 50% relative humidity (The Plant Accelerator at The
University of Adelaide, Adelaide, Australia). For RNA-seq
experiments in Morex and qRT-PCR in both cultivars, the
developmental stages were determined by dissection under a
stereomicroscope (S8 APO, Leica Microsystems, Germany).
Four stages of tissues were collected: the double ridge
meristem stage (DR), the awn primordium meristem stage
(AP), the green anther stage (GrA), and two-week-old seedling
leaves. The MSAs at the DR stage were collected when a plant
had 3–4 leaves and the first stem node was visible (19–20 days
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the second node and floret meristems (up to stamen
primordia) [16,18]. In the GrA stage, the late reproductive
stage, the spikes were 4–5 cm in length. The leaves of
seedlings were collected from plants as vegetative materials
two weeks after sowing seeds in soil.
All sample stages were immediately frozen in liquid
nitrogen and stored at −80 °C until RNA extraction. For each
MSA stage, 15–40 spikes were pooled for each of two biological
replicates.
2.2. RNA isolation and sequencing library construction
Total RNA was extracted from tissues using TRIzol (Life
Technologies) and purified using a RNeasy Micro Kit (Qiagen,
Germany) for RNA sequencing and qRT-PCR. Total mRNA of
four tissues from Morex was enriched with oligo (dT) primer
and fragmented by mixing with fragmentation buffer. The
residual DNA was removed with a RNase-free kit (Ambion)
and the RNA concentration and integrity were determined
with a 2100 Bioanalyzer (Agilent) before RNA library prepara-
tion for RNA sequencing. Only transcripts longer than 200
nucleotides were further processed for RNA sequencing.
Stranded RNA-seq libraries were prepared with the
NEXTflex Rapid Directional RNA-Seq Kit with NEXTflex DNA
Barcodes (Bioo Scientific, manual version 14.09) using 1 μg
total RNA of each sample to generate a library using NEXTfle
beads. Libraries were normalized, pooled at equimolar con-
centrations, and diluted to 10 pmol L−1. Pools were clustered
with the HiSeq Rapid PE Cluster Kit v2 (Illumina). During
quality control (QC) steps, the quantity and quality of the
sample libraries were assessed with an Agilent 2100
Bioanalyzer and an ABI StepOnePlus Real-Time PCR System.
2.3. RNA sequencing and data analysis
The cDNA libraries were added to flow cells of an Illumina
HiSeq 4000 for paired-end sequencing at the Beijing Genomics
Institute. After sequencing, the quality of raw sequencing
reads for all samples was evaluated with FastQC (version
0.11.4; http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Reads with adaptors and having low quality (with
the percentage of bases with a quality score of lower than 15
exceeding 20% in a read) were removed using Trimmomatic
[19] software, and reads composed of >5% unknown bases
(labeled as N) were discarded. The clean reads were mapped
to the barley reference genome (theMorex genome released in
2017: http://webblast.ipk-gatersleben.de/barley_ibsc/) [18]
using HISAT2 2.0.0 [20]. The mapped reads were sorted into
two groups: singly and multiply mapped reads. HTSeq [21]
was used to count reads mapped to each gene. Read counts
were normalized to fragments per kilobase per million (FPKM)
to obtain relative levels of transcript expression. Read counts
and FPKMs of all barley transcripts are shown in Table S1.
Correlation analysis of biological replicates was performed,
and Pearson correlation coefficients were calculated among
the eight samples to validate the quality of biological
replicates. Each scatter plot was standardized to mean fold
coverage of the FPKM, plotted as log (mean + 1), and a linear
model was calculated and plotted. For a principal componentanalysis (PCA), regularized-logarithm transformation (rlog)
[22] for count data of the samples was used.
2.4. Differential gene expression analysis
Analysis of differential gene expression between develop-
mental stages was performed with the R package DESeq2 [22]
using a negative binomial distribution model. Raw data
counts of FPKM (per million mapped reads) were normalized
and then transformed for estimation of their mean and
variance. Results for pairwise comparisons of any two
development stages were extracted to investigate the effects
of genes. Benjamini-Hochberg (BH) [23] adjustment was
performed to compute adjusted P value. Differentially
expressed genes (DEGs) were considered significant if the
fold change log2 Ratio ≥ 2, adjusted P-value <0.05 and false
discovery rate (FDR) ≤ 0.001 (Tables S2, S3). Hierarchical
clustering for DEGs was performed with the heatmap package
in R. Annotation of all DEGs was based on BLASTx alignment




doe.gov/) with E < 10−6 (Fig. S1-A, B). Distribution and density
of DEGs were plotted along the barley chromosomes using the
chromPlot R package [24]. The genomic data of each chromo-
some were calculated to construct histograms representing
numbers of genes in 1-Mb bins. Expression data of DR and AP
in Scarlett were derived from Digel et al. [18] (Table S4).
Sequences of DR and AP in Scarlett were extracted from the
Barley project ftp address (ftp://ftpmips.helmholtz-
muenchen.de/plants/barley/public_data/genes/, sequence
version of March 23rd, 2012) and barley UniGenes (ftp://ftp.
ncbi.nih.gov/repository/UniGene/Hordeum_vulgare/) using a
python code. BLAST alignment of DR and AP in the Scarlett
sequence against the Morex genome sequence was used to
establish correspondences between genes in Scarlett and
Morex.
2.5. Co-expression clusters
Co-expression analysis of 4888 DEGs was performed with the
R package MBCluster.Seq version 1.0, based on a negative
binomial distribution model [25]. DEGs were clustered based
on the similarity of their expression patterns in MSAs and the
optimal number of co-expression clusters was determined in
the range of 5 to 80 with the Expectation-Maximization (EM)
algorithm and negative binomial models. The EM algorithm
was used to estimate the negative binomial model parameters
and cluster membership. Negative binomial models were
applied to implement hierarchical clustering and a hybrid
tree. Based on the visualization of the hybrid tree, the final
number of clusters was chosen to achieve a high average
probability.
2.6. Gene Ontology classification
The DEGs annotations of Arabidopsis orthologs were
subjected to BLASTx using BLAST+ (version 2.6.0) against the
TAIR 10 protein database. Alignment results were used to
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associations were captured by a python script from
Arabidopsis Gene Ontology (GO) annotations (http://www.
arabidopsis.org/download/index.jsp). The R package
clusterProfiler [26] was used for Gene Ontology enrichment
analysis of transcripts in MSAs_1394 (highly expressed genes
in MSAs), SE_3731 (highly expressed genes in seedlings) and
three tissue-specific CLUSTERs, I-III. Transcripts with FPKM
>50 in the DR, AP, GrA, and SE stages were selected for Gene
Ontology enrichment analysis. GO terms with a corrected
false discovery rate of <0.05 were considered to be signifi-
cantly enriched. AgriGO2 (http://amigo.geneontology.org/
visualize?mode=client_amigo) was used for GO classification
analysis and the identification of pathways of phase-specific
genes. The percentage of differential transcripts for each GO
classification was calculated with reference to all the
overexpressed transcripts in a given GO analysis. Clustering
was performed in R using the k-means function, where k = 24
in the cluster package by Euclidean distance. REVIGO [27] was
used to summarize and visualize the GO term results as tree
maps of highly expressed genes. Using SimRel semantic
similarity measures, terms were clustered at a specified
similarity cutoff of 0.9 (a “large” REVIGO set). The detailed
biological processes of representative terms are listed in Table
S5.
2.7. Verification of gene expression by qRT-PCR analysis
cDNA was synthesized from 4 μg of total RNA using a
reverse transcriptase kit (Bio-Rad). SYBR Green Mix (Kapa)
was used for qRT-PCR on a QuantStudio Flex 6 (Life
Technologies) machine as previously described [28]. The
qRT-PCR data for each target gene are presented as average
expression levels over three biological replicates, with two
technical replicates per reaction, relative to the expression
levels of the HvActin7 reference gene. Primer sequences are
listed in Table S6.3. Results
3.1. The yield of RNA-seq global data
To identify candidate genes regulating spike development in
barley, we conducted whole-transcriptome expression pro-
files in MSAs throughout development in Morex barley, from
the early DR stage (W2.0) (Waddington stage) [16] and AP stage
(W3.5) to the late GrA (W8–W8.5) stage, and compared them
with the transcriptome in vegetative tissues (2-week seed-
lings) (Fig. 1-A).
We sequenced total messenger RNA from DR, AP, GrA, and
seedling tissues, generating over 256 million reads of all
libraries (Table 1; Fig. S1). Of the total reads from the four
samples, each sample yielded at least 31.4 million reads, of
which >95.2% could be mapped onto the barley reference
genome, with over 70%mapping to a unique genomic location
(Table 1). There was a high correlation between biological
replicates for each developmental stage (Fig. S2-A), and
distinct differences between the four developmental stages,
as indicated by PCA (Fig. S2-B).3.2. Global gene expression profiles of reproductive and
vegetative tissues
Read counts from the raw data were normalized to
fragments per kilobase per million (FPKM) to give the relative
levels of transcript expression of the 39,734 high-confidence
genes identified in the barley genome (Table S1). A total of
10,717 (26.97%) genes, whose locations were concentrated
toward the distal ends of chromosome arms (Fig. S3), were
differentially expressed among the four stages (Tables S2, S3).
Generally, gene expression was most divergent between the
reproductive and the vegetative stages (Fig. S4-A), with more
DEGs between the three developing MSA stages and the
seedling stage than between the reproductive stages (Fig. S4-
B, C; Tables S2, S3).
Within the reproductive stages, GrA was most different
from the other two, with genes generally showing upregula-
tion in this stage (Fig. S4-B). A distinct subset of 3688 genes
with differential expression between the three reproductive
stages was selected, including 2764 transcripts whose expres-
sion increased as development progressed (from DP to AP to
GrA), 770 whose expression decreased, and 154 whose
expression either peaked or troughed in the middle AP stage
(Fig. 1-A). Between the three reproductive phases, relatively
few (703) genes were differentially expressed in the AP vs. DR
set (Fig. 1-A), whereas DEGs between GrA vs. DR and GrA vs.
AP showed a large proportion of overlap (1867 DEGs, 50.6%;
Fig. 1-B), providing more evidence that the DR and AP stages
are more similar to each other than to the GrA stage (see also
Fig. S2-B). Only 106 genes (2.8%) showed significantly altered
expression among comparisons between all three MSA stages
(Fig. 1-B; Table S2), suggesting elaborate gene switches and
tissue-specific gene expression patterns during barley inflo-
rescence development.
There was a much larger difference between the reproduc-
tive tissues and the vegetative seedling stage. A total of 10,431
genes showed differential expression in the DR, AP, and GrA
stages compared with seedlings, with 6564 showing reduced
expression in MSAs (Fig. 1-A). Almost half (5171, 49.6%) of the
DEGs were shared among all three comparison sets, of which
1394 genes were upregulated in all MSA stages (and named
MSA_1394), and another pool of 3731 genes (named SE_3731)
that were expressed more highly in seedlings (Fig. 1-C; Table
S7). The inflorescence-enriched gene group MSA_1394, com-
prising transcription factors, kinases, and transporters (Table
S8), showed a relatively stable expression pattern during the
developmental process of the MSA. Only a small proportion of
MSA_1394 genes showed differential expression between the
three reproductive stages (Fig. S5-A–C), with only two genes
also present in the 106 DEGs identified in all reproductive
tissues (Fig. S5-D).
3.3. Expression of key regulators in barley developing
inflorescence
For each tissue, we analyzed barley homologs of rice,
maize and Arabidopsis genes with a known function in
inflorescence development. A heat map of expression values
showed that most of those orthologs were expressed at a
higher level in reproductive than in vegetative tissues (Fig. 2-
Fig. 1 – Overview of differential gene expression analysis in barley developing inflorescence and two-week seedlings. DR,
double-ridge stage (W2.0, Waddington stage); AP, awn primordium stage (W3.5); GrA, green anther stage. Transcripts with
higher and lower abundance are indicated by red and green arrows, respectively. Transcripts with inconsistent expression are
indicated by gray arrows. (A) DEGs between inflorescence tissues at three developmental stages and in seedlings of Morex.
Bars in DR and AP, 500 μm; bar in GrA, 1 cm. (B) Venn diagram showing the overlap of transcripts that were differentially
expressed between the three comparison sets of the three reproductive stages. The box on the right indicates transcripts co-
changed in all three comparisons. (C) Venn diagram representing the overlap of transcripts that were differentially expressed
between the three comparison sets of each reproductive stage and the seedling stage. The box on the right indicates transcripts
co-changed in all three comparisons.
75T H E C R O P J O U R N A L 8 ( 2 0 2 0 ) 7 1 – 8 6A; Table S9). These genes were categorized into three
subgroups based on their roles in the plant meristem (Fig. 2-
A).
Genes involved in meristem signaling, namely barley
CLV1-like, CLV2-like, and WUS-like homologs, showed varied
expression patterns. From DR to GrA, HvCLV2-like showed a
consistent expression pattern, but the expression of HvCLV1
homologs and HvWUS homologs changed oppositely over







DR line 1 4443.9 31.8 30.4
DR line 2 4385.0 31.4 29.9
AP line 1 4406.2 31.6 30.2
AP line 2 4463.5 32.0 30.6
GrA line 1 4437.2 31.8 30.4







DR, double-ridge stage; AP, awn primordium stage; GrA, green anther sta
Line 1 and line 2 indicate the two replicates of sequencing.
a Percentage of reads aligned to one or more locations in the genome.
b Percentage of reads aligned to only one location in the genome.performed reverse transcription quantitative PCR (qRT-PCR)
analysis for selected representative genes, confirming the
negative correlation between HvCLV1-like and HvWUS-like
expression, which suggests the possible regulation of these
two genes by means of a negative feedback loop (Fig. 2-B).
Several genes encode transcription factors, such as LFY1
(LEAFY1, plant-specific), KN1 (homeobox), and ANT
(AINTEGUMENTA, AP2-domain), that have been shown
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of LFY, KN1, and ANT were detected in the DR stage in both
RNA-seq and qRT-PCR results, and their transcript abundance
generally decreased during barley spike development (Fig. 2-
A, B), suggesting a conserved role in MSA transition from
vegetative to reproductive meristem.
Regulatory factors comprised the largest subgroup of genes
with known functions in inflorescence development. The
expression of HvAP1 (HvMADS14) showed a slight increase
from the DR to AP stages of the meristem, whereas the
expression of HvLFY, a potential upstream regulator of HvAP1,
decreased (Fig. 2-A, B; Table S9). This expression pattern
suggests a negative effect of HvLFY on HvAP1 expression in
barley, in direct contrast to Arabidopsis, where LFY acts as a
positive regulator of AP1 expression [1,31]. Expression of
another inflorescence regulator, HvTEL1 (TERMINAL EAR1)
[32], encoding a putative RNA-binding protein, peaked at AP
stage, suggesting a specific function of HvTEL1 in the spikelet
meristem (Fig. 2-A; Table S9). The accumulation of HvFT-like
(FLOWERING LOCUS T-like) from DR to GrA was an indicator of
phase transition from vegetative stage to reproductive stage,Fig. 2 – Expression profiling of inflorescence development related
spike development and meristem identity. Red represents overe
the first-named relative to the second-named tissue in each set.
in the DR, AP and GrA stages. All results were normalized to HvA
across all three samples. All results are shown as mean ± SD of
stage; GrA, green anther stage; SE, seedlings. CLV, CLAVATA;WUS
Aintegumenta; TEL1, Terminal EAR1-like 1; BOP2, BLADE-ON-PETIO
CYP78A9, Cytochrome 78A9; bHLH, Basic helix-loop-helix; YSL, Yellogiven that FT homologs have been identified as direct
stimulators of flowering in plants (Fig. 2-A, B) [33]. In maize,
FEA3 (FASCIATED EAR3), encoding a leucine-rich-repeat re-
ceptor, and FEA4, encoding a bZIP transcription factor, control
inflorescence meristem size [34,35]. Decreased expression of
HvFEA4 during barley spike development suggested its
function in early inflorescence formation, whereas increased
expression of HvFEA3-like suggests that the regulatory rela-
tionship between FEA3 and WUS in maize is conserved in
barley (Fig. 2-A, B) [33]. Overall, homologs of key genes
controlling the inflorescence meristematic activity in model
crops are likely to regulate similar developmental processes in
barley.
3.4. MADS family genes may have conserved and divergent
roles in early barley inflorescence development
Transcription factors, such as the MADS, KNOTTED-like
homeobox (KNOX) and AP2 families, are critical for early
inflorescence development in cereals [1]. Among the 10,431
DEGs between reproductive and vegetative tissues (Fig. 1-A),regulators in barley. (A) Heat map of DEGs regulating barley
xpression and blue represents underexpression of genes in
(B) qRT-PCR expression data of selected developmental genes
ctin7 and then converted to a percentage of total expression
3 replicates. DR, double-ridge stage; AP, awn primordium
,WUSCHEL; LFY, Leafy; KN1, Homeobox protein knotted-1; ANT,
LE2; SPL, SQUAMOSA PROMOTER BINDING PROTEIN-LIKE;
w Stripe-Like; FT, FLOWERING LOCUS T; FEA, FASCIATED EAR.
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S6). A large number of transcripts of bHLH (basic helix-loop-
helix), MYB (myeloblastosis) and NAC (NAM, ATAF, and CUC)
genes were recognized in barley MSAs, and the expression of
most bHLHs and NACs decreased from DR to GrA, while the
transcriptional levels of mostMYBs increased in the GrA stage
(Fig. S6-A–C). Inflorescence/floret meristem regulators KNs,
BTB/POZs (Broad-Complex, Tramtrack and Bric-à-brac/Poxvi-
rus and Zinc finger) [36] and AP2s were preferentially
expressed at the DR stage (Fig. S6-D–F), reflecting the roles of
these transcription factors in barley MSA initiation.Fig. 3 – Expression characteristics of the MADS gene family in th
transcription factor expression profiling in barley MSA stages an
represents underexpression of genes in the first-named relative
expression of selected developmental genes in DR, AP, and GrA
converted to a percentage of total expression across all three sam
double ridge; AP, awn primordium; GrA, green anther; SE, seedliHomologs of MADS-box genes play pleiotropic roles, from
reproductive phase initiation to floret organogenesis in the
ABCDE genetic model in plants [1]. We identified 31MADS-box
genes with altered expression by comparisons among DR, AP,
GrA, and seedlings (Fig. 3-A). Both RNA-seq and qRT-PCR
results showed that only SVP-like genes (HvMADS55,
HvMADS47) and one AGL12-like gene (HvMADS26) were
preferentially expressed in seedlings (Figs. 3-A, B, S7-A, F).
ABCDE homologs were expressed strongly in barley MSAs
(Figs. 3-A, B, S7-B–E), indicating the essential roles of these
genes in barley MSA and spikelet/floret development.e barley developing inflorescence. (A) Heat map of MADS
d seedlings. Red represents overexpression and blue
to the second named tissue in each set. (B) qRT-PCR
stages. All results were normalized to HvActin7 and then
ples. All results are shown as mean ± SD of 3 replicates. DR,
ngs.
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MADS-box genes varied. B-class genes (HvMADS2, 4, 16) were
expressed much more highly than B-sister genes (HvMADS29,
30, 31), and the expression of C-class genes (HvMADS3, 58) was
higher than that of D-class genes (HvMADS13, 21) in the AP
and GrA stages (Fig. S7-C, D).
Many MADS family genes in rice and wheat, like MADS1,
MADS5, MADS14 (AP1), are highly and dynamically expressed
in early stages of reproductive organs [10,11,37]. Among the
identified MADS genes in barley, only SVP-like genes
(HvMADS55, 47), two A-class genes (MADS15, 18), and one E-
class gene (HvMADS34) were expressed at DR stage (Fig. S7-B,
E, F), while HvMADS14 (AP1) was consistently expressed (Fig.
2-B), suggesting the divergent roles of MADS genes in early
inflorescence initiation among grasses.
3.5. MSA-enriched genes control cell behaviors in the barley
inflorescence
From RNA-seq data of 39,734 HC genes among DR, AP, and
GrA and in seedlings (Table S1), we identified 23 genes highly
expressed (FPKM >150) in at least one reproductive stage but
undetectable in seedlings (Tables 2; S1). qRT-PCR validated
our finding that the expression values of these genes were
3–1300-fold higher in MSAs than in seedlings (Table S10).
Some of these genes function in inflorescence transition,
spikelet specification, and meristem activity, e.g., squamosa
promoter-binding-like (SPL) genes SPL17-L and SPL4-L, homeobox
knotted-1-like gene KN1 (KNOX), and growth-regulating factor1-
interacting factor (GIF1), and showed high expression in DR
and AP stages (Table S10). HvMADS32, the homolog of rice
OsMADS32 that plays roles in lodicule identity and stamen
development [38], the only MADS-box gene unique to grasses,
showed the highest expression in the barley MADS gene
family, indicating the critical role of this gene in the early
reproductive meristem.
3.6. Gene clustering reveals phase-specific genes responsible
for inflorescence development
To assign the functions of highly expressed genes in MSAs,
GO term enrichment was performed on the highly expressed
genes in each tissue (FPKM > 50) (Table S5). The tree maps of
biological processes showed that DR, AP and GrA shared some
GO terms, such as chromatin silencing, DNA/RNA, and protein
modification. However, the AP stage showed a significant
enrichment in GO terms of cell proliferation and meristem
organization, such as meristem transition, floral meristem
identity, and determinacy, compared with DR and GrA (Fig.
S8). Unlike the reproductive tissues, most of the highly
expressed genes in seedlings showed functions in chlorophyll
biosynthesis and photosynthesis (Fig. S8).
To assess the co-expression of DEGs during spike develop-
ment, all DEGs from DR, AP, GrA, and MSA_1394 were
combined. These 4888 DEGs were grouped into 28 distinct
expression clusters, which were further grouped into three
phase-specific CLUSTERs, I-III (Figs. 4-A, S9; Tables S11, S12).
The DEGs in CLUSTER I were expressed predominantly in the
late reproductive phase, GrA (Fig. 4-A; Table S11). Most MADS
genes with this expression pattern were placed into the samesubcluster, cluster 11 (Fig. 4-B). CLUSTER I was enriched for
photosynthesis- and transport-related GO terms, which
overlapped with GO terms of the DEGs highly expressed in
seedlings (SE_3731) (Figs. 5-B, C, S10-A; Table S13), suggesting
active assimilation requirements and nutrient exchanges
during the GrA phase. DEGs in CLUSTER II showed slightly
higher expression levels at AP and DR than at GrA (Fig. 4-A;
Table S11), with enrichment for genes with GO terms of cell
behavior and cellular component organization. Notably, 34 of
36 GO terms in CLUSTER II were the same as those of
MSAs_1394 (Figs. 5-A, D, S10-B), supporting the consistent
expression pattern of MSAs_1394 in reproductive stages.
CLUSTER III, containing genes preferentially expressed at the
DR phase (Fig. 4-A; Table S11), was enriched in genes
associated with gene regulation and plant growth, whose GO
terms were divergent from those of MSAs_1394 and SE_3731
(Figs. 5-E, S10-C; Table S13), indicating a unique pattern of
gene expression during barley early reproductive initiation.
Thus, untargeted co-expression analysis and GO enrichment
at defined developmental stages of barley MSA show that the
major regulators of barley spike development are orches-
trated in a stage-specific pattern.
3.7. Cell cycle activity is high in the AP stage of the barley
inflorescence
Among DEGs in the developing MSA, a large number of
expressed genes are involved in cell division and cell cycle,
such as cell division control protein 48 (CDC48), cyclins and
histones (Fig. 6-A, D, H; Table S8), likely required by the
initiation progress and growth of spike and spikelet organs.
Generally, the cell cycle comprises four phases: G0/G1 phase
(cell growth), S phase (DNA synthesis), G2 phase (cell growth),
and M phase (nuclear and cell division) [39]. Regulatory
proteins (cyclins) are likely to be essential for all phase
transitions and cyclin protein levels fluctuate throughout the
cell cycle. Most genes of the cyclin family showed the highest
expression level in the AP stage comparedwith other stages of
the MSA (Fig. 6-A, E).
Histone genes, encoding a large family of ubiquitous proteins
that are form the basic structural unit of chromatin and are
involved in epigenetic regulation [39], were highly expressed at
the AP stage (Figs. 6-B, C, G; S11-A). Several other genes involved
in cell cycle regulation, such as histone-lysine N-
methyltransferases and a type B histone acetyltransferase
(HAT1) (Fig. 6-D, G), B-type cyclin-dependent kinases (CDKBs,
Figs. 6-F, S11-B), E2F transcription factors (Fig. S11-C) and CDC48
homologs (Figs. 6-H, S11-D), also showed peak expression at the
AP stage. Expression of histone and cyclin genes were assembled
to co-expression cluster 10 (Fig. 4-A, B), a finding consistent with
the dominant GO terms of cell proliferation at AP stage (Fig. 5-D).
Together, the synchronized expression profiling of cell-cycle
genes indicated relatively high cell cycle activity in the AP phase
during barley spike development.
3.8. Control of the six-rowed phenotype by VRS genes occurs at
the transcriptional level
Determination of the two- versus six-rowed phenotype in
barley spike is regulated by a series of VRS genes [3,4,8,40,41].
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(W3.5) stages in the two-rowed cultivar Scarlett and the six-
rowed cultivar Morex. Using the raw RNA-seq data of Scarlett
(Table S4) [18], we identified 703 DEGs in Morex and 1270 DEGs
in Scarlett (Figs. 1-A, 7-A; Table S4). Of these, 200 DEGs were
common to Morex and Scarlett, including some key transcrip-
tion factors such as MADSs and bHLHs (Fig. 7-A; Table S4).
Barley spike pattern regulatory genes VRS1, 2, 3, 4 and INT-C
(VRS5), showed different expression levels betweenMorex and
Scarlett in the DR to AP stages, with the expression of some
genes declining in Morex and increasing in Scarlett (Fig. 7-B,
C). The expression levels of VRS1 and INT-C were significantly
higher in Scarlett MSAs than in Morex, confirming the
essential role of VRS genes in repressing barley lateral spikelet
fertility and determining barley inflorescence patterning (Fig.
7-D).Fig. 4 – Co-expression clustering of DEGs. (A) Heat map of co-exp
changes (log2-FC) in expression levels relative to the mean transc
to three higher-level groups (CLUSTER I–III) following tissue-speci
to clusters are shown above and below the heat map. The simila
tree structure above the heat map. (B) Representative co-expressi
The cluster sizes and example members are indicated above the
transcripts (gray lines) and the mean expression level across all
expression plots are shown as mean centered and scaled transc3.9. Expression of genes controlling plant hormone levels
changes dramatically during barley inflorescence development
Because the distribution and regulation of plant hormones
play key roles in specifying inflorescence meristem formation
and patterning [1,8], we investigated key genes in the auxin,
GA and CK pathways (Figs. 8-A–C, S12). Auxin biosynthetic
and distributive genes, Tryptophan Aminotransferase of
Arabidopsis (TAAs) and YABBYs (YABs), generally showed
increased expression from early reproductive stages (DR, AP)
to late reproductive stage (GrA) (Figs. 8-A, S12-A). RNA-seq
results also revealed the dynamic expression of auxin
signaling repressors (AUX/IAAs), regulators (SAURs) and
transporters, and the decreasing expression trends of most
auxin response factors (ARFs) during inflorescence development
(Fig. 8-A).ression clusters for 4888 DEGs. Colors represent log2-fold
ript abundance. Co-expression clusters (1–28) were assigned
fic expression patterns. The number and assignment of DEGs
rity of co-expression clusters is indicated in the hierarchical
on clusters of DEGs during barley inflorescence development.
co-expression plots. The expression levels of individual
transcripts within each cluster (red line) are plotted. The co-
ript levels (Z-scores).
Fig. 5 – Comparisons of Gene Ontology (GO) classifications of DEGs amongMSAs and seedling. (A, B) Overrepresented GO terms
assigned to biological processes, cellular components andmolecular function for genes over expressed inMSAs (MSA_1394) (A)
or in seedlings (SE_3731) (B). (C, D, E) Overrepresented GO terms assigned to biological processes, cellular components and
molecular function for genes in CLUSTER I (C), CLUSTER II (D), and CLUSTERIII (E).
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deactivation of bioactive GA, was highly expressed at DR and
AP stages, although biosynthetic genes GA20OX3 (Gibberellin
20 oxidase 3) and GA3OX1 (Gibberellin 3-oxidase 1) were highly
expressed at AP and GrA phases, respectively (Figs. 8-B, S12-
B), suggesting that higher gibberellin levels are present at later
stages of MSA development. Consequently, gibberellin re-
sponse factors (GASA) and receptor genes (GIBBERELLIN-
INSENSITIVE DWARF1, GID1) were expressed more highly at
later stages (Fig. 8-B).
Cytokinin biosynthetic genes (Isopentenyltransferase, IPT
and Lonely Guy, LOG) also increased in expression levels overtime (Figs. 8-C–E, S12-C), while cytokinin oxidase/dehydro-
genase genes (CKXs) and type A cytokinin response regula-
tors (ARRs) tended to peak at the AP stage (Fig. 8-C),
suggesting active CK signaling in barley inflorescence
development. IPT and LOGs were also expressed at higher
levels and showed more significant expression changes in
the developing MSA of Morex than in that of Scarlett (Fig. 8-
D, E), implying that the CK metabolism or signaling is more
active in six-rowed than in two-rowed barley. Thus, our
results showed that plant hormones, including auxin,
gibberellin and cytokinin, are active during barley spike
development, indicating an essential role in barley
Fig. 6 – Cell cycle activity in the barley inflorescence. (A–D) RNA-seq expression of cell cycle-related genes differentially
expressed in the developing barley inflorescence and seedlings. The normalized expression values of Cyclins (A), Histone H2A/
2Bs (B), Histone H4s (C) and Histone-lysine N-methyltransferases and Histone Acetyltransferase 1 (HAT1) (D) are reported in
fragments per kilobase per million (FPKM). (E–G) qRT-PCR validation of cell cycle-associated genes in the developing barley
inflorescence and seedling. The transcript levels of Cyclins (E), Cyclin-dependent kinase B (CDKB) and E2F (F), Histones and
Histone Acetyltransferase 1 (HAT1) (G) are shown relative to the transcript abundance of HvActin7. (H) qRT-PCR expression data of
genes encoding cell division control protein 48 (CDC48E) are shown relative to the transcript abundance of HvActin7. All qRT-
PCR results are shown as mean ± SD of three biological replicates. DR, double ridge; AP, awn primordium; GrA, green anther.
81T H E C R O P J O U R N A L 8 ( 2 0 2 0 ) 7 1 – 8 6inflorescence initiation, floral meristem differentiation and
floral organ growth.4. Discussion
Remarkable architectural diversity exists among flower-
bearing inflorescences in cereals that ultimately produce
grain for food and feed. Patterns of inflorescence meristems
arise from positional cues and their formation and develop-
ment contribute directly to grain yield [1,15]. The molecular
networks that control inflorescence development in the
economically important crop barley remain largely unexplored.
A previous study [18] showed the effects of the daylength and
photoperiod response gene Ppd-H1 on the inflorescence/floraltransition in a two-rowed barley variety, but the key regulators
and potential novel factors that control the pivotal phases of
inflorescence development have not been thoroughly investi-
gated. We conducted a systematic study of molecular regula-
tory networks for spike development in the six-rowed barley
cultivar (Morex). The transcription profiles of three key
developmental stages reveal phase-specific gene expression
patterns, the identities of novel, highly-expressed genes
specifically expressed in MSAs, and the dynamic progression
of cell behaviors and plant hormone signaling. Gene expression
network and co-expression assembly indicate the conserved
and divergent functions of barley homologs of known devel-
opmental regulators from other plant species. These findings
shed light on the molecular mechanisms of barley inflores-
cence development and for yield improvement.
Table 2 – Protein-coding genes highly expressed at MSAs (FPKM > 150) but undetectable in seedlings.
Barley locus Symbol Description Potential function
HORVU0Hr1G020810 SPL17-L Squamosa promoter-binding-like protein 17 Transition from branch to spikelet meristem
HORVU1Hr1G000520 ORTH2 E3 ubiquitin-protein ligase ORTHRUS 2 Cell division
HORVU1Hr1G064890 GSTU8 Glutathione S-transferase family protein Glutathione metabolic process
HORVU1Hr1G079140 Pectin lyase-like superfamily protein Cell wall organization
HORVU2Hr1G020690 Nucleolar protein 58 DNA binding
HORVU2Hr1G048280 SPL4-L Squamosa promoter binding protein-like 4 Flowering and vegetative phase transition
HORVU2Hr1G081190 Gibberellin-regulated family protein GA signaling pathway on plant growth
HORVU2Hr1G088030 PCNA2 Proliferating cell nuclear antigen 2 DNA replication, cell cycle
HORVU3Hr1G038830 AGO4 Argonaute family protein Chromatin silencing, translation, transcription
HORVU3Hr1G068900 MADS32 MADS-box transcription factor 32 Meristem and flower organ identify
HORVU3Hr1G072860 Protein of unknown function, DUF642
HORVU3Hr1G093400 GRP4 RNA-binding protein 1 RNA binding protein, response to stress
HORVU4Hr1G009730 KNAT1 Homeobox protein knotted-1-like 6 Cell fate specification in apical meristem
HORVU4Hr1G010610 GIF1 GRF1-interacting factor 3 Cell expansion and meristem function
HORVU4Hr1G088140 EXPB2 Expansin B2 Cell walls and multidimensional cell growth
HORVU5Hr1G064040 S-adenosylmethionine decarboxylase proenzyme Polyamine biosynthesis
HORVU5Hr1G116310 GATA15 GATA transcription factor 15 Cell differentiation
HORVU6Hr1G006100 CDC48 Cell division control 48-E-like protein Cell division and growth processes
HORVU7Hr1G014410 EXL3 EXORDIUM like 3 Hormone on growth and development
HORVU7Hr1G015380 Receptor kinase 3 Embryogenesis
HORVU7Hr1G110280 CDC48 Cell division control 48-E-like protein Cell division and growth processes
HORVU7Hr1G110320 CDC48 Cell division control 48-E-like protein Cell division and growth processes
HORVU7Hr1G118740 bHLH093 Transcription factor bHLH93 GA mediated flowering and development
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patterns during barley inflorescence development
Unlike reproductive meristems of Arabidopsis, in which the
inflorescence and flower meristems clearly differ, the spike
and spikelet/floret in grasses are determined by a more
complex hierarchy of specialized meristems [1]. Gene expres-
sion profiles suggest that some key regulatory genes for barley
spikelet meristem development have conserved functions
with homologs in other cereals. The homologs of WUS in
barley show the highest expression level at DR stage, and a
decreased expression trend at AP and GrA stages, consistent
with those in early developmental stages of the shoot apical
meristem (SAM) in Arabidopsis and MSAs in rice (Fig. 2) [1,6].
The high expression of FEA3-like and CLV1-like genes at AP and
GrA stages, and their expression levels relative to WUS,
support a conserved function for these genes in regulating
meristem size and activity as in other plants (Fig. 2) [6,33]. In
rice, maize, andArabidopsis, LFY1, KN1, and their homologs are
involved in floral meristem identity and maintenance
[1,7,28,42], and high expression of two barley homologs at
the DR stage suggests that their functions are also conserved
in barley inflorescence initiation (Fig. 2). As in wheat [36],
barley LFY is expressed at lower levels in AP and GrA stages
after peaking at DR, but rice LFY is not likely to be expressed at
later reproductive stages [41], suggesting that LFY may have
diverse functions in regulating grass floret meristem differ-
entiation and floral organ growth. Also, the DR-specific
expression pattern of transcription factors such as bHLHs
and AP2s reveals the dominant transcriptional regulation
events in the early reproductive stage of barley.
During MSA development, the cell cycle and cell division
play a critical role in the differentiation of individual floral
organs and spikelet number, which directly link reproductiveactivity with crop yield traits. For example, mRNA of
Arabidopsis D-type Cyclin, CYCD3, is abundant in the inflores-
cence; overexpressing CYCD3 leads to the disturbed cell cycle
of meristem cells and reduced inflorescence and flower
number [38]. At the AP stage of barley MSA, genes encoding
cell cycle-related regulators, cyclins, histones, CDKs, and E2Fs
are preferentially expressed, indicating high levels of cell
proliferation and differentiation activity to enable floral organ
formation (Figs. 6, S11). At the GrA stage, DEGs are enriched
with photosynthetic and cell wall organization components,
showing a large overlap with DEGs of SE_3731 (cluster 1 and
19). Thus, GrA-specific gene expression reveals active organ
growth in the late reproductive stage of barley.
MADS-box proteins play a major role in regulating floral
growth and development. Most barley MADS homologs,
including B-, C-, and D-class genes, displayed meristem-
staged expression preference, consistent with that of the
genes governing rice inflorescence architecture and
Arabidopsis floret determination [10,30], implying conserved
roles for many MADS genes in specifying inflorescence
meristems of barley. However, there were some distinct
differences. In rice, several regulators such as the SVP-like
MADS-box genes (OsMADS22, OsMADS47, and OsMADS55), and
E-class MADS-box gene (OsMADS34) control inflorescence
branching and regulate spikelet meristem identity, which act
as key players in yield improvement [10,11,30]. In Arabidopsis
and tomato, the E-class MADS gene SEPALLATA 4 (SEP4)
regulates inflorescence architecture [30,43]. We found that
the barley E-class and SVP-like MADS-box genes show
expression patterns similar to those of homologs in rice and
wheat (Fig. 3) [11,36]. However, ectopic expression of SVP-like
genes in barley inhibits spike development and causes floral
reversion rather than changes in inflorescence branching [13].
Despite the conserved gene expression, the roles of barley E-
Fig. 7 – Expression of spike patterning determinants in 6-rowed and 2-rowed barley inflorescencemeristems. DR, double ridge;
AP, awn primordium; GrA, green anther. (A) Venn diagram showing the overlap of transcripts that are differentially expressed
between DR (W2.0) and AP (W3.5) stages in 6-rowed (Morex) and 2-rowed (Scarlett) barley. (B, C) RNA-seq expression data of
selected spike patterning-associated genes differentially expressed in the developing inflorescences of 6-rowed (B) and 2-
rowed (C) varieties. The normalized expression values of VRS1, VRS2, VRS3, VRS4, and INT-C (VRS5) are reported in fragments
per kilobase per million (FPKM). (D) qRT-PCR expression of VRS1, VRS2, VRS3, VRS4, and INT-C in three MSA stages of 6-rowed
(Morex) and 2-rowed (Scarlett) barley. Error bars mean ± SD of three biological replicates.
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further elucidation, as these homologs likely have differing
functions in grasses with different inflorescence structures.
4.2. Novel high-abundance genes play potential roles in barley
inflorescence identity
The developmental events and properties in vegetative and
reproductive tissues are markedly different. DEGs expressed
preferentially in the inflorescence, MSA_1394, displayed
generally stable expression levels throughout spike develop-
ment and showed significant difference in GO enrichment in
comparison with genes highly expressed in vegetative tissues
(SE_3731). Several regulators highly expressed in the inflores-
cence were identified. For example, HvMADS32, a monocot-
specific MIKCc-type gene, is the most highly expressed of all
barley MADS-box genes at any stage of MSA development. In
rice, however, OsMADS32 (Chimeric Floral Organs1, CFO1) is
expressed only in early stages of inflorescence and late kerneldevelopment, and loss of function of OsMADS32 leads to
defective flower organs [37]. Thus, HvMADS32 is likely to have
different regulatory functions than its rice homolog, with
essential roles throughout floret development.
SPL family transcription factors are also regulators of
reproductive development and inflorescence architecture in
plants [2,44]. SPL4-like and SPL17-like genes are highly
expressed in barley MSAs, peaking in the AP and DR stages,
respectively (Tables 2, S10). However, rice OsSPL17 is highly
expressed in the early reproductive meristem (rachis and
primary branchmeristems), and only weakly expressed in the
spikelet meristem; downregulation of OsSPL17 greatly reduces
panicle branch numbers [45]. In Arabidopsis, several SPLs have
been reported [43] to control floral transition by binding
directly to, and activating the transcription of, LFY and
MADS-box genes SOC1 and AP1. Thus, the highly expressed
barley SPLsmay also be involved in transcriptional regulation.
Other strongly MSA-enriched genesmay be involved in cell
behaviors (Table 2). For example, the GATA transcription
Fig. 8 – Genes regulating auxin, gibberellin, and cytokinin biosynthesis and signaling during barley spike development. DR,
double ridge; AP, awn primordium; GrA, green anther. (A, B, C) Relative expression of genes regulating auxin (A), gibberellin (B),
and cytokinin (C) in three comparison sets of reproductive tissue. Red represents overexpression and blue represents
underexpression of genes in the first-named relative to the second-named tissue in each set. (D) qRT-PCR validation of
cytokinin biosynthesis IPT gene expression in three MSA stages of 6-rowed (Morex) and 2-rowed (Scarlett) barley. Results are
shown as mean ± SD of three biological replicates. (E) Expression changes of genes encoding cytokinin-activating enzymes
LOG3, LOG4, LOG7 between DR and AP of 6-rowed (Morex) and 2-rowed (Scarlett) varieties. The value represents fold changes of
transformed FPKM counts on the log2 scale.
84 T H E C R O P J O U R N A L 8 ( 2 0 2 0 ) 7 1 – 8 6factor 15 (GATA15) regulates cell differentiation [46], and cell
division control 48-E-like genes (CDC48s) and E3 ubiquitin
ligase gene (ORTH2) contribute to the activity of cell division
[38,47]; Argonaute (AGO4), Nucleolar protein 58, and RNA-
binding protein 1 (GRP4) are essential for chromatin events
and DNA/RNA binding [48,49]; and pectin lyase-like gene and
Expansin B2 (EXPB2) play key roles in cell wall biosynthesis
and organization [50,51]. Two other genes, a gibberellin (GA)-
regulated gene (HORVU2Hr1G081190) and bHLH093, are in-
volved in plant hormone-mediated development [52]. Thus,
these meristem-enriched expressed genes likely regulate key
processes of cellular events during barley spike development,
and represent potential new regulators for further functional
analysis.
4.3. Genetic regulators and phytohormone levels determine
barley spike patterning
The transition of the barley inflorescence from bract primor-
dium to floral organ differentiation is the key step in spikelet
formation [15,53], which is accompanied by the downregula-
tion of meristem activity genes and a pronounced upregula-
tion of genes associated with organ development. Barley
homologs of various MADS-box genes may play central roles
in this transition phase. Most barley MADS genes, such asABCDE-class genes, are expressed at early MSAs stage and
increase toward later stages of floral development, and co-
expression analysis revealed the clustering of many MADS
genes (Fig. 4). The expression patterns of these MADS genes
are conserved in rice and wheat [36,44], suggesting essential
roles of MADS genes in barley floral organ differentiation and
spike morphology.
The row type of spike patterning is controlled by at least
five identified loci, VRS1–5 [3,4,8,39,40]. Although van Esse et
al. [54] found that the expression level of VRS1 plays a central
role in determining the row type of barley, our results showed
that the expression patterns of VRS1–5 are all different
between six-rowed and two-rowed barley. Given that both
VRS1 and VRS5 (INT-C) are highly expressed at the AP and GrA
stages (Fig. 7), transcriptional control of these two genes is a
mechanism that likely regulates and represses barley lateral
spikelet fertility.
In addition to the regulatory activities of various transcrip-
tion factors, phytohormones are also involved in barley MSA
formation and growth, with elevated expression of auxin-,
GA-, and CK-associated biosynthetic and signaling genes from
the MSA initial stage to floret organ differentiation stage.
Notably, these genes are also regulated by other factors in the
MSA. For example, the maize KN1 gene negatively controls the
amount of GA in reproductive meristems by directly inducing
85T H E C R O P J O U R N A L 8 ( 2 0 2 0 ) 7 1 – 8 6the expression of the GA-inactivating enzyme gene GA2OX1.
Rice and Arabidopsis KNOX (KN) genes promote the accumu-
lation of cytokinin by inducing the cytokinin biosynthetic
gene IPT [1]. In barley, the various expression patterns of the
KN-like gene family are also likely to play a central role in the
coordination of hormone signaling (Fig. 2). The expression
patterns of plant hormone biosynthetic genes suggest varia-
tion in phytohormone levels between two-rowed and six-
rowed barley.5. Conclusions
Our findings reveal phase-specific gene expression patterns
during barley inflorescence development, suggest new candi-
dates for research, and provide resources for barley MSA
analysis. When these findings are combined with technical
advances such as genome editing by CRISPR/Cas9 and
efficient transformation systems, we will be able to better
dissect the regulatory pathways in barley inflorescence
development. Such work should also provide valuable candi-
date genes that can be manipulated to improve the yield of
barley.
Supplementary data for this article can be found online at
https://doi.org/10.1016/j.cj.2019.04.005.Declaration of Competing Interest
Authors declare that there are no conflicts of interest.Acknowledgements
We thank Yang Zhang (King Abdullah University of Science
and Technology, Saudi Arabia) for collecting materials, Jie
Zong (Shanghai Jiao Tong University, China) for providing
guidance in genome analysis, and Natalie Betts (The Univer-
sity of Adelaide) for valuable comments and for revision of the
article. This work was supported by Australian Research
Council (DP170103352); an Australia-China Science and Re-
search Fund Joint Research Centre grant ACSRF48187; Start-up
funding (Australia, 13114779, 62117250) for Dabing Zhang
from the School of Agriculture, Food andWine, The University
of Adelaide; and the Innovative Research Team, Ministry of
Education of China; the 111 Project (B14016).R E F E R E N C E S
[1] D. Zhang, Z. Yuan, Molecular control of grass inflorescence
development, Annu. Rev. Plant Biol. 65 (2014) 553–578.
[2] B. Wang, S.M. Smith, J. Li, Genetic regulation of shoot
architecture, Annu. Rev. Plant Biol. 69 (2018) 437–468.
[3] T. Komatsuda, M. Pourkheirandish, C. He, P. Azhaguvel, H.
Kanamori, D. Perovic, N. Stein, A. Graner, T. Wicker, A. Tagiri,
U. Lundqvist, T. Fujimura, M. Matsuoka, T. Matsumoto, M.
Yano, Six-rowed barley originated from a mutation in a
homeodomain-leucine zipper I-class homeobox gene, Proc.
Natl. Acad. Sci. U. S. A. 104 (2007) 1424–1429.[4] R. Koppolu, T. Schnurbusch, Developmental pathways for
shaping spike inflorescence architecture in barley and wheat,
J. Integr. Plant Biol. (2019) 278–295.
[5] H. Schoof, M. Lenhard, A. Haecker, K.F. Mayer, G. Jürgens, T.
Laux, The stem cell population of Arabidopsis shoot meri-
stems is maintained by a regulatory loop between the
CLAVATA and WUSCHEL genes, Cell 100 (2000) 635–644.
[6] J.A. Long, E.I. Moan, J.I. Medford, M.K. Barton, A member of
the KNOTTED class of homeodomain proteins encoded by
the STM gene of Arabidopsis, Nature 379 (1996) 66–69.
[7] H.M. Youssef, K. Eggert, R. Koppolu, A.M. Alqudah, N.
Poursarebani, A. Fazeli, S. Sakuma, A. Tagiri, T. Rutten, G.
Govind, U. Lundqvist, A. Graner, T. Komatsuda, N. Sreenivasulu,
T. Schnurbusch, VRS2 regulates hormone-mediated inflores-
cence patterning in barley, Nat. Genet. 49 (2017) 157–161.
[8] M. Ashikari, H. Sakakibara, S.Y. Lin, T. Yamamoto, T. Takashi,
A. Nishimura, E.R. Angeles, Q. Qian, H. Kitano, M. Matsuoka,
Cytokinin oxidase regulates rice grain production, Science
309 (2005) 741–745.
[9] X.C. Gao, W.Q. Liang, C.S. Yin, S.M. Ji, H.M. Wang, X. Su, C.C.
Guo, H.Z. Kong, H.W. Xue, D.B. Zhang, The SEPALLATA-like
gene OsMADS34 is required for rice inflorescence and spikelet
development, Plant Physiol. 153 (2010) 728–740.
[10] D.Wu,W.Q. Liang, W. Zhu, M. Chen, C. Ferrandiz, R.A. Burton,
L. Dreni, D.B. Zhang, Loss of LOFSEP transcription factor
function converts spikelet to leaf-like structures in rice, Plant
Physiol. 176 (2018) 1646–1664.
[11] W. Deng, M.C. Casao, P. Wang, K. Sato, P.M. Hayes, E.J.
Finnegan, B. Trevaskis, Direct links between the vernaliza-
tion response and other key traits of cereal crops, Nat.
Commun. 6 (2015) 5882.
[12] B. Trevaskis, M. Tadege, M.N. Hemming, W.J. Peacock, E.S.
Dennis, C. Sheldon, Short vegetative phase-like MADS-box
genes inhibit floral meristem identity in barley, Plant Physiol.
143 (2007) 225–235.
[13] K. Houston, S.M. McKim, J. Comadran, N. Bonar, I. Druka, N.
Uzrek, E. Cirillo, J. Guzy-Wrobelska, N.C. Collins, C. Halpin, M.
Hansson, C. Dockter, A. Druka, R. Waugh, Variation in the
interaction between alleles of HvAPETALA2 and
microRNA172 determines the density of grains on the barley
inflorescence, Proc. Natl. Acad. Sci. U. S. A. 110 (2013)
16675–16680.
[14] N. Sreenivasulu, T. Schnurbusch, A genetic playground for
enhancing grain number in cereals, Trends Plant Sci. 17
(2012) 91–101.
[15] S.R. Waddington, P.M. Cartwright, P.C. Wall, A quantitative
scale of spike initial and pistil development in barley and
wheat, Ann. Bot. 51 (1983) 119–130.
[16] International Barley Genome Sequencing Consortium, A
physical, genetic and functional sequence assembly of the
barley genome, Nature 491 (2012) 711–716.
[17] M. Mascher, H. Gundlach, A. Himmelbach, S. Beier, S.O.
Twardziok, T. Wicker, V. Radchuk, C. Dockter, P.E. Hedley, A
chromosome conformation capture ordered sequence of the
barley genome, Nature 544 (2017) 427–433.
[18] B. Digel, A. Pankin, M. von Korff, Global transcriptome profiling
of developing leaf and shoot apices reveals distinct genetic
and environmental control of floral transition and inflores-
cence development in barley, Plant Cell 27 (2015) 2318–2334.
[19] A.M. Bolger, M. Lohse, B. Usadel, Trimmomatic: a flexible
trimmer for Illumina sequence data, Bioinformatics 30 (2014)
2114–2120.
[20] M. Pertea, D. Kim, G.M. Pertea, J.T. Leek, S.L. Salzberg,
Transcript-level expression analysis of RNA-seq experiments
with HISAT, StringTie and Ballgown, Nat. Protoc. 11 (2016)
1650–1667.
[21] S. Anders, P.T. Pay, W. Huber, HTSeq – a Python framework to
work with high-throughput sequencing data, Bioinformatics
31 (2015) 166–169.
86 T H E C R O P J O U R N A L 8 ( 2 0 2 0 ) 7 1 – 8 6[22] M.I. Love, W. Huber, S. Anders, Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2,
Genome Biol. 15 (2014) 550.
[23] Y. Benjamini, Y. Hochberg, Controlling the false discovery
rate: a practical and powerful approach to multiple testing, J.
R. Stat. Soc. Ser. B Methodol. 57 (1995) 289–300.
[24] K.Y. Oróstica, R.A. Verdugo, ChromPlot: visualization of
genomic data in chromosomal context, Bioinformatics 32
(2016) 2366–2368.
[25] Y. Si, P. Liu, P. Li, T.P. Brutnell, Model-based clustering for
RNA-seq data, Bioinformatics 30 (2014) 197–205.
[26] G. Yu, L.G. Wang, Y. Han, Q.Y. He, clusterProfiler: an R
package for comparing biological themes among gene
clusters, OMICS: A Journal of Integrative Biology 16 (2012)
284–287.
[27] F. Supek, M. Bošnjak, N. Škunca, T. Šmuc, REVIGO summa-
rizes and visualizes long lists of gene ontology terms, PLoS
One 6 (2011), e21800.
[28] G. Li, W.Q. Liang, X.Q. Zhang, H. Ren, J. Hu, M.J. Bennett, D.B.
Zhang, Rice actin-binding protein RMD is a key link in the
auxin–actin regulatory loop that controls cell growth, Proc.
Natl. Acad. Sci. U. S. A. 111 (2014) 10377–10382.
[29] D. Weigel, J. Alvarez, D.R. Smyth, M.F. Yanofsky, E.M.
Meyerowitz, LEAFY controls floral meristem identity in
Arabidopsis, Cell 69 (1992) 843–859.
[30] Y. Mizukami, R.L. Fischer, Plant organ size control:
AINTEGUMENTA regulates growth and cell numbers during
organogenesis, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 942–947.
[31] C. Liu, Z.W. Teo, Y. Bi, S. Song, W. Xi, X. Yang, Z. Yin, H. Yu, A
conserved genetic pathway determines inflorescence archi-
tecture in Arabidopsis and rice, Dev. Cell 24 (2013) 612–622.
[32] B. Veit, S.P. Briggs, R.J. Schmidt, M.F. Yanofsky, S. Hake,
Regulation of leaf initiation by the terminal ear 1 gene of
maize, Nature 393 (1998) 166–168.
[33] I. Kardailsky, V.K. Shukla, J.H. Ahn, N. Dagenais, S.K.
Christensen, J.T. Nguyen, J. Chory, M.J. Harrison, D. Weigel,
Activation tagging of the floral inducer FT, Science 286 (1999)
1962–1965.
[34] B.I. Je, J. Gruel, Y.K. Lee, P. Bommert, E.D. Arevalo, A.L.
Eveland, Q. Wu, A. Goldshmidt, R. Meeley, M. Bartlett, M.
Komatsu, H. Sakai, H. Jönsson, D. Jackson, Signaling from
maize organ primordia via FASCIATED EAR3 regulates stem
cell proliferation and yield traits, Nat. Genet. 48 (2016)
785–791.
[35] M. Pautler, A.L. Eveland, T. LaRue, F. Yang, R. Weeks, C.
Lunde, B.I. Je, R. Meeley, M. Komatsu, E. Vollbrecht, H. Sakai,
D. Jackson, FASCIATED EAR4 encodes a bZIP transcription
factor that regulates shoot meristem size in maize, Plant Cell
27 (2015) 104–120.
[36] M. Xu, T. Hu, S.M. McKim, J. Murmu, G.W. Haughn, S.R.
Hepworth, Arabidopsis BLADE-ON-PETIOLE1 and 2 promote
floral meristem fate and determinacy in a previously
undefined pathway targeting APETALA1 and AGAMOUS-
LIKE24, Plant J. 63 (2010) 974–989.
[37] N. Feng, G.Y. Song, J.T. Guan, K. Chen, M.L. Jia, D.H. Huang, J.
J. Wu, L.C. Zhang, X.Y. Kong, S.F. Geng, J. Liu, A.L. Li, L. Mao,
Transcriptome profiling of wheat inflorescence develop-
ment from spikelet initiation to floral patterning identified
stage-specific regulatory genes, Plant Physiol. 174 (2017)
1779–1794.
[38] H. Wang, L. Zhang, Q. Cai, Y. Hu, Z. Jin, X. Zhao, W. Fan, Q.
Huang, Z. Luo, M. Chen, D. Zhang, Z. Yuan, OsMADS32
interacts with PI-like proteins and regulates rice flower
development, J. Integr. Plant Biol. 57 (2015) 504–513.[39] C. Raynaud, A.C. Mallory, D. Latrasse, T. Jégu, Q. Bruggeman,
M. Delarue, M. Benhamed, Chromatin meets the cell cycle, J.
Exp. Bot. 65 (2014) 2677–2689.
[40] H. Bull, M.C. Casao, M. Zwirek, A.J. Flavell, W.T.B. Thomas, W.
B. Guo, R.X. Zhang, P. Rapazote-Flores, S. Kyriakidis, J. Russell,
A. Druka, S.M. McKim, R. Waugh, Barley SIX-ROWED SPIKE3
encodes a putative Jumonji C-type H3K9me2/me3
demethylase that represses lateral spikelet fertility, Nat.
Commun. 8 (2017) 936.
[41] L. Ramsay, J. Comadran, A. Druka, D.F. Marshall, W.T.
Thomas, M. Macaulay, K. MacKenzie, C. Simpson, J. Fuller, N.
Bonar, P.M. Hayes, U. Lundqvist, J.D. Franckowiak, T.J. Close,
G.J. Muehlbauer, R. Waugh, INTERMEDIUM-C, a modifier of
lateral spikelet fertility in barley, is an ortholog of the maize
domestication gene TEOSINTE BRANCHED 1, Nat. Genet. 43
(2011) 169–172.
[42] K. Ikeda-Kawakatsu, M. Maekawa, T. Izawa, J.I. Itoh, Y.
Nagato, ABERRANT PANICLE ORGANIZATION2/RFL, the rice
ortholog of Arabidopsis LEAFY, suppresses the transition
from inflorescence meristem to floral meristem through
interaction with APO1, Plant J. 69 (2012) 168–180.
[43] S. Soyk, Z.H. Lemmon, M. Oved, J. Fisher, K.L. Liberatore, S.J.
Park, A. Goren, K. Jiang, A. Ramos, E. van der Knaap, J. Van
Eck, D. Zamir, Y. Eshed, Z.B. Lippman, Bypassing negative
epistasis on yield in tomato imposed by a domestication
gene, Cell 169 (2017) 1142–1155.
[44] J.W. Wang, B. Czech, D. Weigel, miR156-regulated SPL
transcription factors define an endogenous flowering path-
way in Arabidopsis thaliana, Cell 138 (2009) 738–749.
[45] T.W.R. Harrop, I. Ud Din, V. Gregis, M. Osnato, S. Jouannic, H.
Adam, M.M. Kater, Gene expression profiling of reproductive
meristem types in early rice inflorescences by laser micro-
dissection, Plant J. 86 (2016) 75–88.
[46] Y. Zhao, L. Medrano, K. Ohashi, J.C. Fletcher, H. Yu, H. Sakai,
E.M. Meyerowitz, HANABA TARANU is a GATA transcription
factor that regulates shoot apical meristem and flower
development in Arabidopsis, Plant Cell 16 (2004) 2586–2600.
[47] E. Kraft, M. Bostick, S.E. Jacobsen, J. Callis, ORTH/VIM proteins
that regulate DNA methylation are functional ubiquitin E3
ligases, Plant J. 56 (2008) 704–715.
[48] O. Pontes, C.F. Li, P.C. Nunes, J. Haag, T. Ream, A. Vitins, S.E.
Jacobsen, C.S. Pikaard, The Arabidopsis chromatin-modifying
nuclear siRNA pathway involves a nucleolar RNA processing
center, Cell 126 (2006) 79–92.
[49] I.A. Swinburne, C.A. Meyer, X.S. Liu, P.A. Silver, A.S. Brodsky,
Genomic localization of RNA binding proteins reveals links
between pre-mRNA processing and transcription, Genome
Res. 16 (2006) 912–921.
[50] F. Micheli, Pectin methylesterases: cell wall enzymes with
important roles in plant physiology, Trends Plant Sci. 6 (2001)
414–419.
[51] S.J. McQueen-Mason, D.J. Cosgrove, Expansin mode of action
on cell walls (analysis of wall hydrolysis, stress relaxation,
and binding), Plant Physiol. 107 (1995) 87–100.
[52] N. Sharma, R. Xin, D.H. Kim, S. Sung, T. Lange, E. Huq, No
flowering in short day (NFL) is a bHLH transcription factor
that promotes flowering specifically under short-day condi-
tions in Arabidopsis, Development 143 (2016) 682–690.
[53] P. Bommert, C. Whipple, Grass inflorescence architecture and
meristem determinacy, Semin. Cell Dev. Biol. 79 (2018) 37–47.
[54] G.W. van Esse, A. Walla, A. Finke, M. Koornneef, A. Pecinka,
M. von Korff, Six-rowed spike 3 (VRS3) is a histone
demethylase that controls lateral spikelet development in
barley, Plant Physiol. 174 (2017) 2397–2408.
